Pea leaf weevil, Sitona lineatus (L.), native to Europe and North Africa, has been introduced into many other countries around the world, including the USA and Canada. Adults are oligophagous pests on leguminaceous plants. Sitona lineatus was first recorded in Canada in 1997, near Lethbridge, Alberta. Since then, it has spread north in Alberta and west into Saskatchewan in 2007. Bioclimatic simulation models were used to predict the distribution and extent of establishment of S. lineatus in Canada based on its current geographic range, phenology, relative abundance, and empirical data. The study identified areas in Canada that are at risk for future establishment of S. lineatus and developed a better understanding of climate effects. Climate change projections (General Circulation Models) were then imposed on the bioclimatic model of S. lineatus. Bioclimatic model output varied for each of the three General Circulation Models. In terms of suitability for pest establishment (Ecoclimatic Index), the NCAR273 CCSM climate data resulted in the most significant shift northward.
Introduction
Pea leaf weevil, Sitona lineatus (L.), native to Europe and North Africa, has been introduced into many other countries around the world, including North America. Adults are oligophagous pests on leguminaceous plants. Sitona lineatus was first recorded in Canada in 1997, near Lethbridge, Alberta. [1] [2] [3] . The adults are oligophagous pests on leguminaceous plants but prefer and maximize their reproductive potential on peas and faba beans [4] . The species has one generation per year [5] . Adults overwinter in a variety of locations, particularly sites containing perennial legumes and weeds. In spring, adults leave overwintering sites in search of pea fields. Eggs are laid in the soil, near developing pea plants. Larvae feed on root nodules and develop through five instars. Pupation occurs in the soil. In late summer adults leave pea fields in search of late season pulse crops before overwintering [6] . Adults feed on leaf margins of legume seedlings. Larval feeding on nodules can result in partial or complete inhibition of nitrogen fixation [7] .
Sitona lineatus was first collected in Canada in 1997, near Lethbridge, Alberta [4] . Since then, it has spread northward in Alberta and east into Saskatchewan in 2007 [8, 9] . The introduction of S. lineatus into this region presents a risk to pea production in Northern Great Plains of Canada and USA [10, 11] .
Abiotic factors, primarily climate, constrain population growth and survival that ultimately affect species distribution and abundance [12] . Bioclimatic simulation models have been used successfully to predict the distribution and extent of insect establishment in new environments [13] [14] [15] [16] [17] . Bioclimatic modelling software, such as CLIMEX [14] , enables the development of models that describe the potential distribution and seasonal abundance of a species based on climate. Inferential models infer a species response to climate, based on its geographic range, phenology, seasonal abundance, and empirical data. CLIMEX models allow researchers to develop an overview of climatic factors that affect species distribution and abundance and permit identification of nonclimatic factors that limit species distribution [14] . Sensitivity Psyche analysis can be used to test hypotheses related to the effect of varying climate variables (i.e., warmer/cooler or wetter/dryer than normal conditions) on the species distribution and abundance [14] .
The objectives of the study were to develop a bioclimatic model to predict potential range and relative abundance of S. lineatus, to identify areas in Canada that are at risk for future establishment of the pea leaf weevil, and to use the model to develop a better understanding of how a changing climate might potentially influence S. lineatus populations across North America.
Methods
The bioclimatic modeling process has been previously described [15, 18, 19] . CLIMEX models derive Ecoclimatic Index (EI) values that describe the climatic suitability, in terms of insect survival and reproduction, of specific locations. The respective Growth Indices and Stress Indices (with related parameters) are illustrated in Table 1 . The EI value integrates annual growth (GI) with annual stress (heat, cold, dry, wet) to produce a single value (between 1 and 100) for each location. Ecoclimatic Index values near zero indicate that the location's climate is not suitable for long-term establishment of the species. An EI value greater than 20 indicates a "Very Favourable" climate.
Initial model parameter values were based on published data that resulted from laboratory and field studies [3, 6, [20] [21] [22] [23] [24] and are defined in Table 1 . Climatic requirements were inferred from known distributions of pea leaf weevil in Europe. The model for S. lineatus, using CLIMEX 3.0 [14] , was developed by iteratively adjusting parameter values to produce mapped results that closely approximated observed distribution for S. lineatus in Europe [1] [2] [3] . Model parameterization was conducted for Britain, Denmark, France, Germany, Switzerland, Norway, and The Netherlands. The remaining European countries were treated as an independent dataset and used for model validation. Once the European distribution was defined, based on a visual comparison of model output with observed distribution, EI values were compared to reported data on relative abundance. Published results related to abundance were used to refine parameter values so that highest EI values occurred where S. lineatus was known to cause damage and lower values occurred when the species was less prevalent.
The model was validated by comparing output to reported distributions and seasonal phenology and tested for consistency with empirical data. Three methods were used to validate the model. The model was then applied to predict the population distribution of S. lineatus in eastern Europe (Bulgaria, Czech Republic, Hungary, Poland, Romania, Slovakia, Ukraine, and Yugoslavia), Asia, Washington, Oregon, and Idaho. Model output for these regions was compared to known distributions as reported by Schotzko and Quisenberry [25] , Fauna Europaea Web Service [1] , and Hoebeke and Wheeler Jr. [3] . Second, model output for phenology and life history was compared to published reports for Europe [22, 26] . Third, model results which related to insect phenology were based on weather data and insect population data collected from southern Alberta [27] .
The CLIMEX model required five meteorological inputs: temperature (maximum and minimum), precipitation, and relative humidity (09 : 00 and 15 : 00 hours). The Compare Locations function required monthly long-term average climatic variables. Climate data was used as an input for the Compare Locations function. The dataset represents a splined 0.5
• world grid dataset [28] . Models were run for Europe (n = 6416 grids) and Canada (south of 65
• N latitude, n = 4472 grids). The moisture index (MI) is based on a calculated soil moisture value. CLIMEX used a hydrological submodel to compute a weekly soil moisture balance. Soil moisture balance was based on soil moisture from the previous week, current week values for precipitation and evapotranspiration. CLIMEX used a degree-day model, based on the algorithm published by Baskerville and Emin [29] , to compute the temperature index (TI) and the potential number of generations per year.
Climate change projections were obtained from the Intergovernmental Panel on Climate Change [30] as monthly means for three General Circulation Models (GCMs), based on current climate, 30-year average ) dataset (A1B emission scenario) (CRU: Climate Research Unit, East Anglia, UK). The GCMs used were CSIRO Mark 3.0 (CSIRO, Australia), NCAR273 CCSM (National Centre for Atmospheric Research, USA), and MIROC-H (Centre for Climate Research, Japan). All three had the requisite climatic variables at a temporal resolution appropriate for CLIMEX and were pattern-scaled to develop individual change scenarios relative to the base climatology [31] . The GCMs cover a range of climate sensitivity, defined as the amount of global warming for a doubling of the atmospheric CO 2 concentration compared with 1990 levels [32] . The respective sensitivities are CSIRO Mark 3.0 (2.11
• C), NCAR-CCSM (2.47
• C), and MIROC-H (4.13 • C). In order to query the resulting database at a regional scale, a geographic rectangle, 4
• latitude by 7
• longitude, was used to delineate a regional template consisting of 112 grid cells. Specific regions, based on latitude and longitude coordinates, were defined and output (averaged across the region) was generated for detailed analysis. and minimum monthly values) and precipitation values (monthly total) that were −40, −20, +20, and +40% of current values. The comparison was conducted for five locations within the major pulse crop production region of western Canada ( Table 2 ). The locations were selected to provide a range of EI values (EI = 22-36). Contour maps were generated by importing CLIMEX output into ArcView 8.1 [33] . Ecoclimatic Index values were displayed in five categories: "Unfavourable" (0-5), "Suitable" (5-10), "Marginal" (5-10)"Favourable" (15) (16) (17) (18) (19) (20) , and "Very Favourable" (>20). The "Suitable" and higher categories represent areas that may experience pest outbreaks of S. lineatus. Actual densities will be dependent on meteorological conditions that differ from long-term climate normals. The "Favourable" and "Very Favourable" categories describe meteorological conditions, similar to long-term climate normals, in which outbreaks resulting in crop damage may occur.
Results and Discussion

Model Development.
In Europe, Hans [23] reported that overwintered S. lineatus adults become active when temperatures exceed 4.5
• C. Flight was found to occur when temperatures were greater than 12.5
• C [6] . In North America, Prescott and Reeher [22] observed that overwintered adults began spring flight in March, when maximum temperatures were 57
• F (13.9
• C) or greater. In Idaho, USA, Fisher [21] reported that adult flight occurred between April 25 and May 19 and adult flights, out of the host crop, occurred in late July and August. Psyche In Europe, oviposition was found to occur when the daily mean temperature is 12
• C and the daily temperature must rise above 13
• C for some hours [34] . In Idaho, USA, oviposition occurred during May [21] . Prescott and Reeher [22] reported that in the Pacific Coastal region of North America oviposition can occur between February and May. Lerin [26] reported that it took 70 days for eggs to hatch at 8
• C and 6.2 days at 29 • C. Development was linear up to 25
• C and only one day difference between 25 and 30.5
• C. Egg mortality was negligible at 30
• C, 26% at 32
• C, and 100% at 33
• C. In England, larvae were collected on May 21 and in Scotland larvae were collected as late as July 24 [24] . In Idaho, USA, pupae required 14-18 days to complete development and pupae occurred from early July to early August [21] . In England, late summer flights began soon after adults emerged from pupal cells during late July, with flights continuing until mid-October [6] .
The model was developed to produce output that fitted with reported results, based on phenology and distribution for Britain, Denmark, France, Germany, Switzerland, Norway, and The Netherlands. Limiting lower temperature (DV0) values between 4 and 12
• C were iteratively tested and a value of 7
• C provided the best fit with distributions and phenologies in Europe. Similarly, values for optimal and limiting high temperatures (DV1, DV2, DV3) were incrementally adjusted in order to develop a model that matched reported distributions and phenologies for Europe (Table 1) .
Soil moisture indices (SM0, SM1, SM2, SM3) reflected the assumption that soil moisture is a significant factor that is related to plant moisture content and microclimatic conditions [14] . The moisture index was based on computed weekly soil moisture levels. This species, particularly larval stages, appears to prefer moist conditions. High temperatures and dry soil resulted in mortality rates of eggs and larvae reaching 85% [21] . Andersen [34] reported that survival of first instar larvae was 5.5 days at 100% RH and 9
• C but dropped to 1.5 days at 100% RH and 26
• C. When relative humidity dropped below 90% (15
• C), all larvae died within 5 hours. Limiting low soil moisture (SM0) was set at 0.1. The lower optimal moisture was increased to 0.4 from 0.3 and the upper optimal moisture level (SM2) was set at 1.0 and SM3 was set at 1.5 to permit saturation that may occur in irrigated fields (Table 1) .
CLIMEX uses both photoperiod and temperature as inputs for determination of induction and temperature for termination of diapause. Simulations indicated that an induction day length of 14 hours provided the best fit to results reported for Britain, Denmark, Germany, and Idaho (USA) [21, 23, 24] . Final diapause values for induction day length (DPDO), diapause induction temperature (DPTO), diapause termination temperature (DPT1), and required days for diapause development (DPD) were set at 14, 11, 3, and 120, respectively. The known distribution of S. lineatus seemed to indicate a greater diversity of diapause behaviour than could be accounted for with the model parameters. As a result, the parameters were adjusted to reflect the weevil's patterns in its core distribution (i.e., north of 45
• latitude in Europe) ( Table 1) .
Stress values, related to the ability of the species to survive adverse conditions, were set to limit geographical distributions. Cold stress limits were assigned at a level to reflect the occurrence of S. lineatus in northern countries such as Denmark, Finland, and Sweden. Selected values were similar to values for the pollen beetle, Meligethes viridescens (Fabricius) [19] . Sitona lineatus occurs across southern Europe, central Asia, and Africa. The rate of heat stress accumulation (THHS) was set in order to permit distribution across these regions.
Model Validation. Lower limiting temperature (DV0) values between 4 and 12
• C provided the best fit with distribution and growing season phenology in Europe. Similarly values for DV1, DV2, and DV3 were incrementally adjusted in order to develop a model that matched reported distributions and phenologies for Europe.
Predicted distribution of S. lineatus in Europe ( Figure 1 In North America, predicted distributions (Figure 2 ) in the province of British Columbia, Canada, and the States of Washington, Oregon, Idaho, California, and Virginia in the USA agree with reported distributions [3] . Model output also predicted that S. lineatus could become established in the Prairie Ecozone of western Canada and agreed with population surveys in Alberta and Saskatchewan that have been conducted since 2001 [27] . Further, the model indicated that EI values would be greater in regions north of the current geographic range of S. lineatus. Moisture Index (MI) values were shown to be less than optimal, indicating that precipitation in southern Alberta was less than optimal. Rainfall, between late June and August, was minimal, relative to the species requirements. Ecoclimatic Index values near Red Deer were higher. The increased EI values were associated with higher MI values. Rainfall Psyche amounts for the period of June to August were greater than those that were reported for Lethbridge. Dry moisture conditions could have a negative impact on both larval and pupal survival [4] .
Model predictions for phenology agreed with published reports. Early season activity of S. lineatus is of particular interest. At Rothamsted, England, adults were first collected from late March until mid-April [6] . Our model predicted that first flights would occur in early April. In Kent, England adults were observed in peas in late March [24] and these dates were similar to the model prediction of March 22. Jackson [24] also stated that adult appearance was delayed by two weeks (April 8) during a cool spring. The model was run with a scenario in which the temperature was reduced by 1
• C and adults were predicted to first become active on April 12.
In Denmark, the model predicted that adults would become active in mid-April. This result was in agreement with data presented by Nielson and Jensen [20] . In Canada, adults first appeared in pea fields in June of 2007, and peak larval counts occurred on June 8 at Lethbridge, Alberta. [8] . It is likely that adults were active before this time. The weekly growth index suggested that S. lineatus would be highest in early to midJune.
The model predicted that the potential range of S. lineatus could extend well beyond current distributions along western and eastern seaboards in North America. Areas in southern Ontario, Quebec, and eastern USA were also predicted to be at risk. Current areas of Canadian pulse production include Quebec and Ontario (a wide selection of coloured beans and the white navy bean), Manitoba (white and coloured beans, pea, and lentil), Saskatchewan (pea, lentil, and chickpea and some bean), and Alberta (beans, pea, lentil, and chickpea) [35] .
Sensitivity Analysis.
Sensitivity analyses were conducted to measure EI response to changes in temperature and precipitation. Model output indicated that S. lineatus was more sensitive to changes in precipitation (Figure 3 ) than temperature, indicating that the five locations (climate) were dryer than optimal moistures and temperatures within the Prairie Ecosystem were generally suitable for this species. The model also indicated that sensitivity was location specific. Varying temperatures from −2 to +2
• C from current longterm normals revealed that the Lethbridge, Regina, Saskatoon, and Winnipeg locations were not sensitive to temperature changes ( Sensitivity analysis was also conducted to compare spatial response of EI values to variations in temperature and precipitation. For current climate, EI values were relatively low. Categories were set for EI = 10 (low), 15, and 20. This analysis was conducted for all five locations within the Prairie Ecosystem (n = 3420 grid cells) and also specifically for areas in central and southern Alberta (n = 456 grid cells). Responses were similar across both scales and agreed with location specific trends (Tables 3 and 4) . Ecoclimatic Index values increased from temperatures that were 2
• C below long-term normals back up to long-term normal levels. Temperatures warmer than long-term normals appeared to have little effect on EI values. Results suggest that moist conditions would be conducive to large populations (i.e., compared to cool or dry conditions). Under climate conditions that were 40% wetter than long-term normals, the model predicted that 47% (Prairie Ecosystem) and 39% (Alberta) of the spatial area could expect to have EI = 20 or greater (Tables 3 and 4; Figure 3 ). Across southern Saskatchewan and Alberta, the model predicted that EI values would be reduced for dryer than normal conditions (Figure 3(a) ).
Compared to climate data (long-term normals), sensitivity analysis results suggest that S. lineatus should respond less favourably in dry seasons and more favourably in wetter seasons. This conclusion may be based on conditions that occurred in the previous summer. That is, late May to July rainfall may be an important factor that determines midsummer survival and potential number of adults available for the following season. For example, the number of notches per plant (>27) from locations near Lethbridge was greatest in 2006 [8] . Though the 2006 growing season (April-August) was dry, April and May were wetter than normal [36] . Also, the 2005 growing season was much wetter than normal. The model would predict that these conditions would be conducive for population increase. Across most of Alberta, numbers declined dramatically between 2007 and 2008 [37, 38] . This may have been due to exceptionally dry periods during June, July, and the three GCMs that were used in the current study and they found that response of M. sanguinipes not only varied by GCM but also was region specific. Mika et al. [13] reported that effect of climate change differed strongly between GCMs and that EI differences for Contarinia nasturtii were greatest for regions that were categorized as "very favourable" (EI = 30). The relational database was queried to analyze the impact of climate change for six locations in western Canada (Table 5) . Model output based on NCAR273 CCSM resulted in EI increases at each of the locations with the greatest increases at Red Deer and Peace River. The CSIRO MARK 3.0 resulted in EI increases for Lethbridge, Red Deer, and Peace River and decreased EI values for the remaining three locations. Model output based on MIROC-H climate data resulted in reduced EI values for five of the six locations. Peace River was predicted to have an EI value that was the same as for current climate. Analysis was conducted to compare changes in EI values, as a result of climate change, across North America (Table 6 ). Compared to current climate, model output indicates that the area of the continent that will have EI values greater than 10 will increase by 37-48%. Model runs showed that areas Psyche with EI >20 could increase by 33% (MIROC-H), 54% (CSIRO MARK 3.0), and 76% (NCAR273 CCSM). These results were similar to values reported by Olfert and Weiss [40] who indicated that a + 3
• C increase in temperature would result in 19.7% to 47.1% increase in areas with EI >20 for Ceutorhynchus obstrictus (Marsham), Oulema melanopus L., and Meligethes viridescens (Fabricius).
Conclusions
Some cautions have been expressed regarding the utilization of bioclimatic models for investigating the potential impact of climate on insect populations. For example, adaptation is likely to occur with the result that biotic interactions may not remain the same over time, and genetic and phenotypic composition of populations may change [41] . In addition, most insect species have some limitation to dispersal [42] . In the instance of S. lineatus, the impact of biotic factors such as natural enemies (e.g., diseases, parasites, predators) and host plant resistance and other abiotic factors, such as intercropping and chemical insecticides, must also be considered [4] . So even though model results suggest conditions in some regions to be conducive to S. lineatus populations under climate change, these additional biotic and abiotic factors could result in population decline. In these instances, bioclimate and GCMs may not account for changes in population and may overestimate populations.
To address these naturally occurring phenomena, bioclimatic modeling of S. lineatus populations would benefit from multitrophic studies (host plants-S. lineatus-natural enemies). For example, Cárcamo et al. [9] suggested that when adults lay eggs on plants past the 5th node stage, larval recruitment was lower compared to oviposition at the 2nd node stage. As a result, cooler growing conditions in the spring may delay S. lineatus invasions into fields until the crops are more advanced. Warmer temperatures may improve the synchrony between insect and plant.
Sitona lineatus is expected to continue to expand its range; as a result Vankosky et al. [4] suggested that an integrated approach of intercropping, host plant resistance, predators, parasitoids, pathogens, and chemical insecticides would be required to successfully manage this recently introduced pest species. In an effort to provide advance warnings of continued range expansion a region wide monitoring program has been initiated across western Canada [43] .
